Mesothelin (MSLN) is a cell surface glycoprotein that is overexpressed in human pancreatic cancer. Although its value as a tumor marker for diagnosis and prognosis and as a preferred target of immunointervention has been evaluated, there is little information on the growth advantage of MSLN on tumor cells. In this study, we examined the effect of MSLN on pancreatic cancer cell proliferation, cell cycle progression, expression of cell cycle regulatory proteins, and signal transduction pathways in two pancreatic cancer cell lines, MIA-MSLN (overexpressing MSLN in MIA PaCa-2 cells) and BxPC-siMSLN (silencing MSLN in BxPC-3 cells).
Introduction
Mesothelin (MSLN) is a differentiation antigen that is present on normal mesothelial cells of the pleura, peritoneum, and pericardium (1) . Accumulating evidence has shown that MSLN is overexpressed in various cancers, including ovarian cancer, pancreatic adenocarcinoma, mesothelioma, lung adenocarcinoma, and acute myeloid leukemia (2) (3) (4) (5) . The human MSLN gene encodes a 71-kDa precursor protein that is cleaved by furin-like proteinases to produce an NH 2 -terminal 31 kDa soluble fragment megakaryocyte-potentiating factor and a COOH-terminal 40 kDa membrane-bound fragment, MSLN (5) . MSLN is reportedly involved in cell adhesion and plays a role in the attachment of ovarian cancer cells onto peritoneal mesothelial cells (6); however, not much is known about its role in pancreatic cancer pathogenesis.
We have shown that MSLN-overexpressing stable MIA PaCa-2 cells (MIA-MSLN) led to the development of much larger tumors compared with the vector control cells in subcutaneous and orthotopic mouse models of pancreatic cancer (7) . Our in vitro data also showed that MIA-MSLN cells proliferated faster than control cells; this explains their induction of larger tumors. It has been reported that MSLN may play a role in the generation, and hence the proliferation, of corneal limbic epithelial cells (8) , and that there is an increased proliferation rate of MSLN-high virgin mammary gland epithelial cells in response to carcinogenic stimuli, in contrast to age-matched parous mammary control cells that lack MSLN expression (9) . In a tumor model in C57BL/6 mice with multiple oncogene-transformed peritoneal cells, Cheng et al. showed that continuous isolation and passage of early-stage tumor cells (WF-0) from the ascites fluid of the mice resulted in an aggressive tumor cell line named WF-3 that expressed high levels of MSLN and had increased proliferation and migration rates (10) . Although these studies indicate the pro-proliferative effect of MSLN, direct evidence and the detailed mechanism of MSLN involvement in cell proliferation remain unclear.
Progression of eukaryotic cells through the cell cycle is regulated by the sequential formation, activation, and inactivation of a series of cyclin/cyclin-dependent kinase (CDK) complexes and negative regulation through CDK inhibitors (11) (12) (13) . Cyclin D/CDK4/6 complexes phosphorylate the retinoblastoma gene products, and this releases the E2F transcription factors. E2Fs then stimulate the transcription of mRNAs that encode proteins required for the cell to progress further through the cycle. The next complex, cyclin E/CDK2, further phosphorylates retinoblastoma family proteins, and the cell begins to synthesize DNA (S phase). The cyclin A/CDK2 kinase complex is formed once the cell enters the S phase. Finally, the cyclin B/CDC2 complex phosphorylates proteins involved in chromosomal condensation and the progression of the cell through mitosis (11, 12) . Two classes of CDK inhibitors have been identified. The first, represented by p16INK4a and p15INK4b (including p19 and p18), primarily regulates CDK4 and CDK6 (14) (15) (16) . The second, characterized by p21cip1 (including p27KIP1 and p57KP2), regulates the activities of the CDK2 and CDK4/6 complexes (11, 12, 17) . Aberrations in the cyclin/CDKs and G 1 -S checkpoint function are associated with many cancers, including pancreatic cancer (18) .
Signal transducer and activator of transcription (Stat) proteins are transcription factors activated by a wide array of cytokines and growth factors (19) . Stat3 is activated by phosphorylation primarily at Tyr 705 by a wide array of tyrosine kinases, including receptor tyrosine kinases such as epidermal growth factor receptor (20) and ErbB2 (21) . Stat3 is also indirectly activated by receptor-associated kinases such as Janus-activated kinase 2 (JAK2; ref. 21) , as well as nonreceptor-associated tyrosine kinase Src (22) . Phosphorylation of Stat3 leads to its dimerization and translocation to the nucleus, where it binds to the specific DNA response element in target gene promoters and enables gene transcription (23) . Constitutive activation of Stat3 is associated with a number of human epithelial cancers in which it modulates the expression of target genes that are involved in various physiologic functions (24) , including apoptosis (survivin, Bcl-xL, and HSP27), cell cycle regulation (cyclin D1, c-fos, and c-myc), and angiogenesis (vascular endothelial growth factor). Approximately 30% of pancreatic cancers have activated Stat3 (24) . Conversely, inactivation of Stat3 leads to an inhibition of cell proliferation in pancreatic cancer (25) (26) (27) (28) (29) .
In this study, we examined the direct role of MSLN in pancreatic cancer cell proliferation and cell cycle progression. We examined the relevance of Stat3 in these processes by overexpressing and silencing MSLN in pancreatic cancer cell lines MIA PaCa-2 and BxPC-3, respectively. This study shows that overexpressing MSLN induces Stat3 activation and leads to up-regulation of S phase promoting cyclin E. The enhanced cyclin E/CDK2 complex is responsible for faster progression through the cell cycle. Blocking Stat3 by using specific small interfering RNA (siRNA) abrogated the growth-promoting effect of MSLN on the pancreatic cancer cells by blocking cyclin E expression.
Results

Overexpression of MSLN Enhances Proliferation of Pancreatic Cancer MIA PaCa-2 Cells
To elucidate the role of MSLN overexpression in pancreatic cancer cell proliferation, we used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, comparing the cell growth rate among the MSLN-overexpressing MIA PaCa-2 stable cell line (MIA-MSLN), the empty vector MIA PaCa-2 stable cell line (MIA-V), and the unrelated GFP geneoverexpressing MIA PaCa-2 stable cell line (MIA-GFP). The MTT assay showed that MIA-MSLN cells proliferated almost 2.9 times faster than the MIA-V cells at day 3 (P < 0.001; Fig. 1A) , and almost 2.3 times faster at day 6 (P < 0.001; Fig. 1A ). To determine the serum dependence of MSLNinduced cell proliferation, we cultured cells in either 2% or 0.2% serum-containing medium and compared cell proliferation rates. Results depicted in Fig. 1B showed that the MIA-MSLN cells proliferated at almost the same rate at both serum concentrations, whereas the control cells proliferated at a much lower rate in 0.2% serum (P < 0.001, after 3 days of proliferation in growth medium). These results indicate that the effect of MSLN on cell proliferation is probably independent of serum concentration. To confirm the role of MSLN in cell proliferation, we did the above assay with another stably MSLN-overexpressing pancreatic cancer cell line, Panc-1 (Panc1-MSLN). The similarity of the results provides further evidence for the role of MSLN in inducing cell proliferation (Fig. 1C) .
To elucidate the detailed effects of MSLN-induced cell proliferation, we examined and compared the cell cycle progression of MIA-MSLN, MIA-V, and MIA-GFP cells by using fluorescence-activated cell sorting analysis. As depicted in Fig. 1D , 50% and 61% of the MIA-MSLN cells entered S phase at 4 and 8 hours, respectively, after release to 2% serumcontaining growth medium from 24 hours of serum starvation. Those proportions were significantly higher than the 20% and 28% of MIA-V cells or the 14% and 28% of MIA-GFP cells entering the S phase at 4 and 8 hours, respectively. Thus, overexpression of MSLN is associated with increased cell proliferation and faster progression into the S phase.
We used a plating efficiency assay to determine any difference in clonogenic capacity between MIA-MSLN cells and MIA-V cells. As shown in Fig. 1E , the MIA-MSLN cells exhibited greater plating efficiency (54%) than the MIA-V cells (f27%; P < 0.05). This result further suggests the enhanced cell proliferation ability and survival efficiency of MIA-MSLN cells.
MSLN Overexpression Leads to Increased Expression of S Phase Cyclins and the Association with Their Binding Partners in Pancreatic Cancer Cells
To delineate the mechanism of MSLN-induced, faster progression of pancreatic cancer cells into the S phase, we examined the protein expression of various cell cycle -related molecules from the asynchronous cultures of MIA-MSLN cells and other control cells. MIA-MSLN cells had significantly higher expression of the S phase -initiating cyclin E and the S phase -promoting cyclin A ( Fig. 2A) . CDK2, which interacts with those cyclins at the initiation and progression of the S phase, respectively, was also increased in the MIA-MSLN cells. There was no difference in the expression of the cyclin D1, although the expression of CDK4, one of the CDKs interacting with cyclin D for the termination of G 0 -G 1 arrest and entering into the S phase, was slightly increased in the MIA-MSLN cells ( Fig. 2A) . We also found that p21 was up-regulated in MIA-MSLN cells. The entry of eukaryotic cells into mitosis is regulated by CDC2 kinase (CDK1) activation, a process controlled at several steps, including cyclin binding and phosphorylation of CDC2 at Thr 161 (30) . However, the critical regulatory step in activating CDC2 during progression into mitosis seems to be dephosphorylation of CDC2 at Tyr 15 and Thr 14 (31) . Consequently, the magnitude of phosphorylation at Tyr 15 is highest in cells in the S phase. MIA-MSLN cells with higher S phase populations had increased phosphorylation at Tyr 15 of CDC2 ( Fig. 2A) , although the expression of CDC2 in these cells was similar to that of the control cells. Thus, changes in expression of cell cycle -related molecules, especially the up-regulation of cyclin E and CDK2 in MIA-MSLN cells, may be responsible for increased cell proliferation and faster S phase progression.
In normal cells, there is a cyclic pattern of expression of the cyclins in progression through the cycle, and this cyclic pattern is often lost in cancer cells. To determine whether MSLN overexpression leads to a loss of the cyclic pattern, we starved MIA-MSLN and control MIA-V cells for 24 hours in serumfree medium, released them to 2% serum-containing medium, and determined cyclin E and CDK2 expression at different times after release. As shown in Fig. 2B , even at the G 0 synchronized state, there was an appreciable expression of cyclin E in MIA-MSLN cells, and it remained high at each of the times tested, although there was an increased induction at later time points. In the control MIA-V cells, there was a clear cyclic pattern of cyclin E expression after release from G 0 -G 1 arrest. Most importantly, the expression of cyclin E at time 0 was negligible, and it was induced only upon stimulation by 2% serum-containing medium. CDK2 induction in the MIA-MSLN cells was also more rapid and persistent (Fig. 2B) . Thus, the aberrant cyclin E and CDK2 expression pattern may explain the faster S phase entry and progression in the MSLN-overexpressed cells.
To find out whether cyclin E overexpressed in the MIA-MSLN cells was functionally active, we determined cyclin E and CDK2 complex formation by using a coimmunoprecipitation assay. When whole proteins from the cells were immunoprecipitated with CDK2 antibody and blotted with cyclin E antibody, we found increased cyclin E in the MIA-MSLN cells, suggesting that CDK2 interacts with cyclin E in these cells (Fig. 2C) . Thus, MIA-MSLN cells have an increased level of cyclin E/CDK2 complexes, which might be responsible for the increased G 1 -S transition in these cells.
Constitutively Active Stat3 in MIA-MSLN Cells Is Responsible for Enhanced Cell Proliferation
Constitutive activation of the transcription factor Stat3 has been implicated in the pathogenesis of many cancers, including pancreatic cancer (24) (25) (26) (27) (28) (29) . However, the mechanism of Stat3 activation and precisely what leads to it are largely unknown. We found that MSLN overexpression leads to aberrant activation of Stat3 (Fig. 3A) in MIA-MSLN cells, which had significantly higher levels of activated pStat3 (Tyr 705 ) than MIA-V and MIA-GFP cells. We further assessed the nuclear translocation of Stat3 in the different cells and found that MIA-MSLN cells had a substantial amount of Stat3 transcription factor in the nucleus, whereas the control cells had negligible amounts in their nuclei (Fig. 3B ). These data indicate that MSLN overexpression may be responsible for constitutive Stat3 activation in MIA-MSLN cells.
To determine whether the activated Stat3 is responsible for MSLN-induced cell proliferation, we blocked Stat3 activation A. Subconfluent cells were used to prepare lysates, and 60 Ag of protein were subjected to SDS-PAGE and Western blotting. Various cell cycle -related proteins were detected with the antibodies mentioned in Materials and Methods. B. Control cells and MIA-MSLN cells were serum-starved (0% FBS) for 24 h, changed to 2% FBS medium, and collected at the indicated times, and whole cell proteins were subjected to SDS-PAGE, Western blotting, and probing for cyclin E, CDK2, and h actin. C. Four hundred micrograms of MIA-V and MIA-MSLN proteins was used to immunoprecipitate CDK2 by using immobilized protein G -conjugated anti-CDK2 monoclonal antibody, and the immune-complex precipitate was washed and subjected to SDS-PAGE under denaturing conditions, gel-transferred to nitrocellulose membrane, and probed for cyclin E and CDK2.
with JAK-selective inhibitor AG490, a widely used inhibitor for Stat3 phosphorylation. As shown in Fig. 3C , the phosphorylation and activation of Stat3 in MIA-MSLN cells were substantially blocked by inhibitor treatment within 12 hours. AG490 treatment substantially abrogated the enhanced cell proliferation (P < 0.001 at days 4 and 6; P < 0.05 at day 2; see Fig. 3D ) in MIA-MSLN cells but had little or no effect on MIA-V and MIA-GFP cells. Furthermore, slightly reduced cyclin E expression was found in AG490-treated MIA-MSLN cells after 48 hours, but no significant change in CDK2 levels was observed (Fig. 3E) . Thus, the results indicate that the Stat3 pathway may be involved in MSLN-induced pancreatic cancer cell proliferation through alterations in cyclin E expression.
Stat3 siRNA Abrogates Increased Cell Proliferation in MIA-MSLN Cells
After finding that blocking Stat3 activation with pharmacologic inhibitor AG490 decreased the growth potential of MIA-MSLN cells, we wanted to confirm the involvement of Stat3 in MSLN-mediated cell proliferation. We used Stat3-specific siRNA to knock down the expression of Stat3 in the MIA-MSLN cells and the MIA-GFP control cells. We analyzed the cell cycle by using mock-transfected, nonspecific scrambled siRNA-transfected, and Stat3 siRNA-transfected MIA-MSLN cells and MIA-GFP cells. Approximately 42% and 34% of the mock-transfected and scrambled siRNA-transfected MIA-MSLN cells, respectively, entered S phase after 8 hours of release by growth medium following initial serum starvation (Fig. 4A) . Those rates were significantly higher than the 17% and 19% of the similarly transfected GFP control cells entering S phase. The Stat3 siRNA-transfected MIA-MSLN cells had only 19% of cells in the S phase. These findings show that the increase in cell cycle progression in the MIA-MSLN cells may be caused by the increased Stat3 activation in these cells.
We had postulated that higher expression of cyclin E in the MIA-MSLN cells was responsible for the increase in cell cycle progression. We examined the fate of cyclin E as a result of Stat3 silencing in MIA-MSLN and MIA-GFP control cells. After silencing Stat3, there was a decrease in cyclin E expression in MIA-MSLN cells but not in MIA-GFP cells (Fig. 4B) . Taken together, these results further show that Stat3 activation could be responsible for the up-regulation of cyclin E expression in MIA-MSLN cells.
Silencing MSLN Expression Decreases Cell Proliferation in Pancreatic Cancer Cells
To further elucidate the role of MSLN in pancreatic cancer cell proliferation, we compared the cell proliferation properties of three cell lines: BxPC-3, a pancreatic cancer cell line expressing high MSLN; a stable MSLN-silenced cell line in BxPC-3 cells (BxPC-siMSLN) ; and a control cell line containing empty vector (BxPC-siV). MTT assay showed that the cell proliferation capacity of BxPC-siMSLN cells decreased by 60% compared with that of BxPC-siV cells (P < 0.01; Fig. 5A) , further indicating the possible involvement of MSLN in the enhancement of cell proliferation.
To study the effect of MSLN silencing on BxPC-3 cell proliferation, we examined cell cycle progression in BxPC-3 cells, BxPC-siMSLN cells, and BxPC-siV cells with fluorescence-activated cell sorting analysis. As shown in Fig. 5B , 4% and 7% of BxPC-siMSLN cells entered the S phase at 4 and 8 hours, respectively, after being released from serum starvation. This marked a significant decrease compared with the S phase populations of BxPC-siV cells at the same periods (24% at 4 hours and 28% at 8 hours). Thus, silencing of MSLN in BxPC-3 cells is associated with decreased cell proliferation and slower progression into S phase, suggesting the possible involvement of MSLN in pancreatic cancer cell proliferation.
Complementing the finding that MIA-MSLN cells had higher expression of CDK2, the silencing of MSLN in the BxPC-siMSLN cells reduced the expression of CDK2 and cyclin A compared with control cells (Fig. 5C ). MSLN overexpression in pancreatic cancer may induce proliferation in these cells through the up-regulation of the S phase -promoting cyclins E and A, and their binding partner CDK2.
Discussion
The important role of MSLN in several cancers has gained more and more attention in recent years, but its exact function in cancer pathogenesis has not been explored in depth. In the current study, we found that MSLN overexpression in pancreatic cancer cell MIA PaCa-2 increases cell proliferation through faster cell cycle progression. Overexpression of MSLN up-regulates S phase -promoting cyclin E and its partner kinase CDK2. The increase in cyclin E expression is mediated by the increased activation of the transcription factor Stat3, as using specific siRNA against Stat3 reduced cyclin E expression in those cells. Blocking MSLN expression in the MSLN-high cell line BxPC-3 inhibited the proliferation and cell cycle progression of these cells with concomitant decreases in cyclin A and CDK2.
Cancer is primarily a disease of uncontrolled proliferation. MSLN is selected to be up-regulated in pancreatic cancer (3) and plays a role advantageous to the tumor cells. The question is whether it leads to increased proliferative capacity of the pancreatic cancer cells. We have shown previously, in both subcutaneous and orthotopic models, that injection of MSLNoverexpressing tumor cells led to the formation of bigger tumors than that of control cell injection (7) and suggested a role for MSLN in proliferation. However, little additional information on the pro-proliferative properties of MSLN is available except for some indirect evidence. In a carcinogeninduced rat mammary-carcinoma model, up-regulated MSLN in the mammary glands was observed concomitantly with increased cell proliferation (8); moreover, the reportedly high expression of MSLN in the stem cell -rich corneal epithelial cells suggested roles for MSLN in cell proliferation, migration, and wound healing (9) . In this study, we found a difference in the proliferation rates between MIA-V and MIA-MSLN cells at lower serum concentrations of 0.2% and 2%, which is indicative of a probable role for MSLN in growth factor -independent survival. Furthermore, we found that the MIA-MSLN cells had the ability to resist anoikis (data not shown). The exceptionally low number of cells in plating efficiency experiments provides the cells with a condition devoid of adherence to neighboring cells, and tests the survival and the proliferative capacity of individual clones. Several previous reports have suggested that the clonogenic assay should be commonly used in oncologic research to test the proliferative capacity of cancer cells after radiation and/or treatment with anticancer agents (32, 33) . The average colonyforming ability of the MIA-MSLN cells with an initial ultralow seeding of cells which was greater than the control cells, might indicate that MSLN affects both the survival and proliferative capacity of pancreatic cancer cells under stringent conditions. Our findings are consistent with previous reports (34) , and indicate that better plating efficiency of the cells depends on both survival and ability to proliferate for eventual colony formation.
Cyclin E is increasingly evident in pancreatic cancer pathogenesis, particularly in the later stages, as is the association of high cyclin E expression with a poor prognosis (35) . Our data clearly show that cyclin E expression was increased in MSLN overexpression cell lines. Maitra et al. showed that MSLN and cyclin E were both up-regulated relatively late in the multistep progression model of pancreatic cancer pathogenesis (36) , suggesting a pro-proliferative role of MSLN in later stages of pancreatic cancer pathogenesis. In addition, CDK2, the binding partner of cyclin E involved in G 1 -S transition, was found to be up-regulated in MSLNoverexpressing cells. It was reported that CDK2 inhibitors efficiently blocked the proliferation of human pancreatic cancer cells regardless of their mutations in K-ras, p53, or p16 genes (37), cementing the importance of these kinases in pancreatic cancer cell proliferation. That MSLN overexpression could upregulate CDK2 expression points toward another crucial role in pancreatic cancer pathogenesis. It remains an intriguing question why CDK2 is up-regulated in the MSLN-overexpressing cells. The answer may involve gene amplification, as happens in a subset of human colorectal cancer tissues (38) , or may be under the control of other transcription factors simultaneously activated by MSLN overexpression. The association between the cyclin E and CDK2 complexes may indicate the critical function in cell cycle progression. We showed here that increased cyclin E/CDK2 complexes correlated with the MSLN-overexpressed cell line.
In pancreatic cancer, Stat3 is stated to have a pivotal role in oncogenic transformation (26, 27) , cell survival and proliferation (26, 28) , and resistance to apoptosis (25) , and has been found to be aberrantly activated in a subset of pancreatic tumor tissues and cell lines (28) . Blockade of activated Stat3 by ectopic expression of a dominant-negative Stat3 or by JAKselective inhibitor AG490 significantly inhibited the growth of pancreatic cancer cell lines (28) . We have shown in this study that not only activated Stat3, but also total Stat3 are elevated in MIA-MSLN cells compared with the control cells. Many reports showed increased total Stat3 (with or without phosphorylation) expression in various cancers (24) , particularly pancreatic cancer, in the nucleus (39) . In fact, Yang et al. (40) showed that the overexpression of unphosphorylated forms of Stat3 can induce many well-known oncoproteins such as MRAS and MET by a novel mechanism. Thus, MSLN may likely exert its effects through an increase in total Stat3. In addition, the Stat3 promoter has a binding site for Stat3 dimers; the total amount of Stat3 protein may increase when Stat3 is activated (41) . Thus, it is not entirely unexpected to observe an increased Stat3 expression in Stat3-active MIA-MSLN cells.
There is no precise information as to what leads to Stat3 activation, although reports have linked ErbB2 tyrosine kinase activity to Stat3 activity and shown that functional inhibition of Stat3 signaling by expression of a dominant-negative Stat3 mutant reduced the growth of human pancreatic cancer cells (27) . Our results indicate that overexpression of MSLN could be one of the important factors leading to Stat3 activation. How a GPI-anchored glycoprotein mesothelin leads to Stat3 activation remains to be explored. Based on our preliminary data about the relationship between MSLN expression and Stat3 activation, we hypothesize that high expression of MSLN may directly interact with some unknown adaptor molecules on the cell membrane and induce unique signal transduction pathways which activate Stat3. Therefore, MSLN-activated Stat3 may be a critical mechanism of pancreatic cancer pathogenesis. Various mechanisms have been proposed for constitutive Stat3 activation in tumors (24) , including the autocrine activation of the interleukin-6/gp130/JAK2/Stat3 pathway (42, 43) , the autocrine ErbB2/ Stat3 pathway (27) , the transforming growth factor-a/epidermal growth factor receptor/Stat3 pathway (20) , and the mutant epidermal growth factor receptor/Stat3 pathway (44) . To test our hypothesis, we are applying various strategies including the use of specific pathway inhibitors, the study of MSLN-interacting proteins, and activation of various growth factor receptors in MIA-MSLN cells. Major cell cycle -related genes under transcriptional control by Stat3 are cyclin D1, Bcl-xL, and Mcl-1, and downregulation of cyclin D3 and cyclin E in pancreatic cancer cells by AG1478 and AG879 through the blocking of Stat3 activation has been reported (27) . Sinibaldi et al. suggested that v-Src -mediated transformation of mouse fibroblasts involved Stat3 activation that led to cyclin D1 and p21 upregulation with eventual cyclin E up-regulation (45). Our study shows direct evidence that Stat3 is essential for cyclin E upregulation. Although blocking Stat3 expression with Stat3 siRNA reduced the expression of cyclin E in the MIA-MSLN cells, CDK2 was unaffected by Stat3-siRNA or AG490. These observations are similar to those in previous studies which showed that AG490 was able to reduce cyclin E expression in hepatocellular carcinoma cells (46) by down-regulating activated Stat3. Although we showed that Stat3 siRNA decreased the proportion of MIA-MSLN cells in S phase, we also found that Stat3 siRNA can slightly decrease the number of S phase cells in the MIA-GFP control cells. Stat3 is a very important general transcription factor controlling a number of genes regulating various aspects of cell growth, differentiation, and apoptosis. These include Mcl-1, Bcl-xL, and survivin, all of which suppress apoptosis; c-myc98 and cyclin D1, which mediate cell proliferation; matrix metalloproteinase-9, which mediates cellular invasion; and vascular endothelial growth factor, which mediates angiogenesis (24) . In pancreatic cancer cells, Stat3 has been reported to support proliferation and viability (28) , and growth factor -independent survival through autocrine ERBb2 signaling (27) . Therefore, knocking down the expression of such a ubiquitous factor using siRNA is bound to negatively affect cell growth. In addition, taking into account the results of Yang et al. (40) , if nonphosphorylated Stat3 is also playing a major role in pancreatic cancer cell survival/ proliferation, abrogating Stat3 must be deleterious for the cell. On the other hand, the addition of AG490 had no effect on cell proliferation in MIA-GFP cells. Because AG490 is a JAK-selective inhibitor which blocks Stat3 activation (phosphorylation), it should theoretically only have an effect on Stat3-activated cells such as MIA-MSLN cells, but not on the control cells such as MIA-GFP cells. In addition, from the actual experimental method point of view, the data for the AG490 treatment was derived after treating the cells with AG490 for 24 hours, removing it and washing the cells, and then continuing for 2, 4, and 6 days to observe the viability. The siRNA blocking assay, on the other hand, was done when all the cells were treated with the continued presence of the inhibitor in the medium, which may have a relatively longlasting effect on all the cells.
We noticed that both Stat3 siRNA-treated MIA-MSLN and MIA-GFP cells had substantially low levels of Stat3 proteins, showing a potent silencing effect. However, Stat3 siRNA-treated MIA-MSLN cells had a relatively low level of The pro-proliferative effect of MSLN observed in MIA-MSLN cells was further obtained in the BxPC-siMSLN cells by blocking MSLN. We showed that blocking of MSLN dramatically reduces cyclin A and CDK2 expression when compared with both sets of control cells (BxPC-3 and BxPC-V cells), and this correlates well with decreased cell proliferation and cell cycle progression. We observed that BxPC-V cells had relatively high levels of cyclin A and CDK2 compared with BxPC parental cells. This observation may reflect the potential effects of the vector viral infection and persistent puromycinselective pressure on expression levels of these genes. This also provides the general rationale for the use of vector-infected cells as controls for any gene delivery experiments. Indeed, MSLN siRNA-delivered stable cells (BxPC-siRNA) showed much lower levels of cyclin A and CDK2 proteins, which could be an implication for MSLN-specific functions.
In summary, we have shown that MSLN up-regulation induces the activation of Stat3, which leads to increased expression of cyclin E and makes pancreatic cancer cells proliferate faster. Knowing the pathways and mechanism of MSLN-induced tumor cell survival and proliferation will help in formulating new combinatorial multidrug regimens in which specific inhibitors could be used with anti-MSLN immunotherapy.
Materials and Methods
Cell Culture, Chemicals, and Antibodies
Human pancreatic cancer cell lines MIA PaCa-2, BxPC-3 and Panc-1 were obtained from American Type Culture Collection. Puromycin, tyrphostin AG490, and anti -h-actin antibody were purchased from Sigma. Rabbit anti-MSLN polyclonal antibody was custom-generated by Genemed. Antibodies against the phosphorylated (Tyr 705 ) and total forms of Stat3, and antibodies against cyclin D1, CDK4, p21 and p15, goat anti-rabbit IgG (H&L) antibody conjugated to horseradish peroxidase, and goat anti-mouse IgG (H&L) antibodyhorseradish peroxidase were obtained from Cell Signaling Technology Laboratories, Inc. Antibodies to cyclin A, cyclin E, CDK1, and CDK2 were procured from Santa Cruz Biotechnology.
Stable Cell Line Selection
MSLN-overexpressing and siRNA-silencing stable cell lines were selected in MIA PaCa-2, BxPC-3, and Panc-1 cells using retroviral vectors pBabe and pSuper, respectively, following instructions of the manufacturer. Full-length human MSLN cDNA (kindly provided by Dr. Ira Pastan, National Cancer Institute, Bethesda, MD) was cloned into pBabe vector for overexpression. The MSLN gene -specific siRNA sequence (5 ¶GAAGAATGTCAAGCTCTCA3 ¶) separated by a 9-nucleotide noncomplementary spacer (TCTCTTGAA) from the reverse complement of the same 19-nucleotide sequence was cloned in pSuper vector. The recombinant plasmids were cotransfected into 293T cells with plasmid PegPam3 (containing the gag-pol) and plasmid RDF (containing the RD114 envelope). Viral supernatants were collected after 48 h and used to transduce the target cells, MIA PaCa-2, BxPC-3, and Panc-1 cells. Stable cell lines were selected by adding puromycin (0.5-1 Ag/mL) into the medium, and cultured for at least 7 days before confirming the expression level of MSLN by real-time PCR and Western blot.
Cell Proliferation Measurement by Cell Viability Assay (MTT)
The effect of MSLN on cell proliferation was determined by measuring cell viability using the MTT assay. Briefly, 2,000 cells were plated and serum-starved for 24 h. A day 0 reading (viability corresponding to basal number of cells plated) was then measured by MTT. Medium with 0.2% or 2% serum was added to each well and incubated for 6 days. At each time point indicated, cell viability was measured using MTT. Briefly, 1 mg/mL of MTT in medium with 2% serum was added to each well and incubated for 2 h at 37jC. An extraction buffer (20% SDS, 50% dimethylformamide) was added, and the cells were incubated overnight at 37jC. Absorbance was measured at 590 nm using a 96-well multi-scanner (EL-800 universal microplate reader; BioTek, Inc.). The proliferating capacity of the cell was measured by dividing the viability at a certain time point by the viability at day 0.
Cell Cycle Analysis
Cells were starved for 24 h in serum-free medium, released with medium containing 2% serum, and collected at various time points after release. Cells were harvested and processed using the CycleTEST PLUS DNA reagent kit from Becton Dickinson according to the instructions of the manufacturer. Briefly, cells were first washed thrice in a buffer containing sodium citrate, sucrose, and DMSO provided for the collection of cell suspensions. Before analysis, cells were incubated sequentially for 10 min each in solution A (for the enzymatic digestion of cell membranes and cytoskeletons), solution B (to inhibit the trypsin activity and to digest the RNA), and solution C (for the stoichiometric binding of propidium iodide to the DNA at a final concentration of 125 Ag/mL). Flow cytometry (fluorescence-activated cell sorting) analysis was carried out to examine the cell cycle distribution using a FACSCalibur (Becton Dickinson). Data was further analyzed using the software FLOWJOW ver. 6.1.1 (Tree Star).
Plating Efficiency
Plating efficiency was measured by a slight modification of a previously published procedure (47) . Briefly, 600 cells each of MIA-V and MIA-MSLN were plated in duplicate in 150 mm dishes, so that the single cells were separated from one another and allowed to adhere for 48 h. Cells were then starved for 24 h, and subsequently grown in complete medium for 15 days. The colonies growing from single cells were stained with MTT and photographed. The colonies were counted manually from the photographs and the mean number of colonies per well was plotted. The percentage of survival/plating efficiency was determined using the following equation: plating efficiency / clonogenic survival = (colonies formed / cells seeded) Â 100. Student's t test was applied to compare the two groups.
Immunoblot Analysis
Cells were lysed with 100 AL of lysis buffer (Cell Signaling Technology) with phosphatase inhibitor cocktails I and II (Sigma) and protease inhibitors aprotinin and leupeptin (Sigma). The lysates (60 Ag total protein) were then resolved by SDS-PAGE and transferred to a nitrocellulose membrane (Bio-Rad Laboratories). The levels of different proteins were detected using specific primary antibodies and were visualized using appropriate secondary antibodies conjugated to horseradish peroxidase followed by enhanced chemiluminescence detection system (Amersham Biosciences, UK). The nuclear and cytoplasmic extracts were prepared using the N-PER nuclear and cytoplasmic extraction reagents (Pierce Biotechnology) and used for studying nuclear translocation of Stat3.
Immunoprecipitation Using CDK2 Antibodies and Subsequent Immunoblot MIA-V and MIA-MSLN cells were lysed with IP lysis buffer [50 mmol/L Tris (pH 8.0), 10 mmol/L EDTA, 150 mmol/L NaCl, and 0.5% NP40] with phosphatase inhibitor and protease inhibitors on ice for 60 min. CDK2 monoclonal antibody (Santa Cruz) was conjugated to immobilized protein G using the SeizeX Mammalian Immunoprecipitation kit (Pierce Biotechnology) according to the instructions of the manufacturer. An equal amount of total protein (400 Ag) from each sample was incubated with immobilized protein G -conjugated anti-CDK2 antibody overnight at 4jC. Immunocomplexes were washed with IP wash buffer [50 mmol/L Tris (pH 8.0), 10 mmol/L EDTA, 100 mmol/L NaCl, and 0.5% NP40] plus protease inhibitors, boiled with reducing sample loading buffer, and subjected to SDS-PAGE, Western blotting, and probing for CDK2 and cyclin E using specific antibodies as mentioned above.
Treatment with AG490
MIA-MSLN and MIA-V control cells were seeded in sixwell plates. After they reached 50% confluence, the medium was replaced with the same growth medium containing 50 Amol/L of tyrphostin AG490 (Calbiochem) and the cells were collected after 4, 8, and 12 h. Whole cell proteins were prepared according to procedures already described and used in a Western blot to detect the phosphorylated (Tyr 705 ) and total Stat3 levels. For the cell proliferation assay, the cells, previously starved for 24 h, were treated with either DMSO or tyrphostin AG490 (50 Amol/L) for 24 h in the medium with 2% serum for 2, 4, and 6 days. An MTT test was done as described above.
Stat3 siRNA Transfection
The MIA-MSLN or MIA-GFP cells were transfected with either a nonspecific scrambled siRNA oligonucleotide or a Stat3-specific RNA pool (SMARTpool Stat3; Upstate Cell Signaling Solutions) at a final concentration of 100 nmol/L, using LipofectAMINE 2000 (Invitrogen). Mock transfection controls received only the transfection reagent. Cells were collected 48 h after transfection for whole cell protein extraction for Western blot. For cell cycle analysis, 24 h after transfection, cells were serum-starved for an additional 24 h and then released using 2% serum-containing medium. The cells were then collected after 8 h and processed for cell cycle analysis according to procedures described above.
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